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Depletion of natural resources
1 INTRODUCTION
The economic problems of resource-exporting countries have been
the subject of research since the mid-70s, largely due to the sharp
increase in energy prices.1 The main result of this research is that,
contrary to natural expectations, resource-exporting countries may
face economic problems, a®ecting, ¯rst and foremost, the manufac-
turing sector. This e®ect has been termed the \Dutch Disease",
after the country the economy of which experienced the adverse
e®ects of natural gas exports in the 1970s. Works on the \Dutch
Disease" can broadly be divided into two groups: those that deal
with a short-term analysis versus those that concentrate on the
long-term e®ects of the problem. The overwhelming majority of
papers belong to the ¯rst group and analyse the short- to medium
term e®ects of a boom in the natural resource sector on other sec-
tors (usually, manufacturing and services). A boom in the natural
resource sector, which may be caused by a rise in the world price
of a resource, leads to increased income of a country and, con-
sequently, to increased demand for traded and non-traded goods.
Since the prices of traded goods are ¯xed internationally, this e®ect
leads to rising prices of non-traded goods relative to traded ones,
which results in labour and capital moving from traded into the
non-traded and resource sectors. These e®ects of squeezing out the
manufacturing sector may have some negative e®ects (e.g. struc-
tural unemployment in case of low labour mobility), but in general,
from the point of view of the total wealth of a country, the short-
term e®ects of a \Dutch Disease" are positive rather than negative.
However, the long-term consequences of a \Dutch Disease" may
go beyond temporary unemployment. One of the surprising fea-
tures of long-term patterns of economic growth has been the poor
performances of resource-rich countries. There are many examples
1(see, e.g., Aarrestad, 1979; Bruno and Sachs, 1982; Chichilnisky
and Heal, 1991; Corden, 1984; Dasgupta et al., 1978; Dasgupta and
Heal, 1992; Eastwood and Venables, 1982; Enders and Herberg,
1983; Hartwick and Olewiler, 1986; Rosenberg and Saavalainen,
1998; Sachs and Warner, 1995; Siebert, 1985).
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of this phenomenon in the distant past (XVII - XIX centuries),
as well as in relatively recent years (1970 - 1990). Long-term
analysis of a \Dutch Disease" has been performed in a number
of papers (Aarrestad, 1979; Dasgupta et al., 1978; Siebert, 1985)
but only recently this phenomenon has been given special treat-
ment (Matsuyama, 1992; Sachs and Warner, 1995). Matsuyama
concentrates on the role of land in economic development, while
Sachs and Warner analyse the role of mineral resources. Sachs
and Warner conducted extensive empirical cross-country research
(which included about 100 countries) and obtained convincing ar-
guments that per capita GDP growth rates are negatively corre-
lated with the shares of mineral production and natural resource
exports in GDP (Fig. 1). An explanation of this phenomenon (i.e.
the relatively low rates of growth of per capita GDP in resource-rich
countries) lies in the positive externality resulting from the accumu-
lation of knowledge in the manufacturing sector through learning-
by-doing. A booming resource sector, followed by expansion of the
non-traded goods sector, leaves the manufacturing sector short of
capital and labour and thus slow technical progress. Naturally, for
Russia, with its huge energy exports and low competitiveness in
the manufacturing sector, the \Dutch Disease" problem is of prime
importance.
It should be noted that Russia di®ers from most resource-exporting
countries in that, ¯rstly, it is, unlike, for example, Middle Eastern
countries, a highly industrialised country, while, on the other hand,
unlike, for example, UK or Norway, its manufacturing sector is not
competitive not only in world but also in domestic markets. These
peculiarities of the Russian economy could result in more adverse
e®ects of the \Dutch Disease".
In papers that deal with the long-term problems of resource-rich
open economies, where the depletion of natural resources is taken
into account, extraction costs are assumed to be zero (Aarrestad,
1979; Dasgupta et al., 1978; Siebert, 1985). In this case, the de-
pletion of natural resources is manifested through limited reserves.
However, this ¯xed-stock assumption is rather limiting. As Adel-
man (1990) puts it: \There is no such thing. The total minerals in
the earth is an irrelevant non-binding constraint. If expected ex-
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ploration-development costs exceed the expected net revenues, in-
vestment dries up, and the industry disappears. Whatever is left
in the ground is unknown, probably unknowable, but surely unim-
portant . . . ". Experience of the exploration of natural resources
in Russia supports the above-cited arguments. Existing papers on
natural resource economics take account of non-constant extraction
costs only in relation to a closed economy (e.g. Solow and Wan,
1976; Heal, 1976; Farzin, 1992; Eismont, 1995).
The paper is organised as follows. The ¯rst section deals with a
one-sector economy, without taking into account endogenous tech-
nical progress, and analyses the e®ects of stochastic world resource
prices, constraints on natural resource export capacities, and for-
eign assets on the economy of a resource-exporting country. In the
second section, two- and three-sector models are considered. The
main attention is paid to the e®ects of positive externality resulting
from the accumulation of knowledge in the manufacturing sector of
the economy. The long-term e®ects of the \Dutch Disease" are
analysed.
2 ONE-SECTOR ECONOMY
2.1 RESOURCE - EXPORTING COUNTRY
WITHOUT FOREIGN ASSETS AND CAPITAL
ACCUMULATION
We start with the analysis of a relatively simple problem where
domestic capital is constant and there are no investments abroad,
so that total income is spent on consumption. To a certain extent,
this situation is characteristic of the present state of the Russian
economy.
The country possesses natural resources which are used to produce
output, according to a neo-classical production function|F (R; t)
where R is domestic consumption of natural resources; and for ex-
ports E at the world resource price p. Exports of the natural re-
sources of the given country are assumed to be relatively small (as
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is actually the casefor Russia), so that the world resource price is
considered to be given exogenously. The cumulative extraction of
the natural resource is subject to a material balance equation
_S = R + E: (1)
Extraction costs (per unit of the extracted resource) are assumed
to depend on cumulative extraction
cR = ©(S); ©
0(S) > 0; ©00(S) > 0: (2)
Under this assumption, the natural resource sector is characterised
only by extraction costs, so that, even in case of the complete de-
industrialisation of the economy, resource extraction would still be
possible. This will be extended in section 3.
Then, as long as the natural resource sector accounts for a relatively
small fraction of GDP, the total income of a country will be as
follows:
Y = F (R; t) ¡ © ¢ (R + E) + pE: (3)
The problem is to ¯nd the trajectories of domestic natural resource
consumption and exports which maximise cumulative discounted
consumption
max
R;E
Z 1
0
[F (R; t) ¡ © ¢ (R + E) + pE]e¡±tdt; (4)
s:t: _S = R + E; (5)
R ¸ 0; (6)
R + E ¸ 0: (7)
Condition (7) allows for natural resource imports (E < 0) up to
a level where all domestic consumption of the resource is covered
by imports, but forbids stockpiling of imported resource. Usually,
instead of (7), condition E > 0 is used (see, for example, Dasgupta
et al., 1978). If F 0(0; t) = 1, condition R > 0 is assured.
The current value Hamiltonian for the problem (4)-(7) is
H = F (R; t) ¡ © ¢ (R + E) + pE + ¸(R + E): (8)
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The ¯rst-order conditions for the interior solution will be
_¸ = ±¸ + ©0(S)(R + E); (9)
FR ¡ ©(S) + ¸ = 0; (10)
¡©(S) + p + ¸ = 0: (11)
It is easily seen that, due to the concavity of the corresponding
functions, su±ciency conditions are also met.
From (10) and (11) it follows that:
FR = p; (12)
i.e. the domestic price of the natural resource should be equal to
the world price.
Di®erentiating (11), substituting it into (9) and using (1) yields:
©(S) = p ¡ _p=±: (13)
Di®erentiation of (13) leads to:
R + E = ( _p ¡ Äp=±)=©0: (14)
Next, we assume that the world resource price is rising at a constant
rate ®
_p = ® ¢ p: (15)
Thus, to ensure the convergence of the functional (4), condition
± > ® should hold. For that case, (14) will be:
R + E =
®(± ¡ ®)p
±©0
> 0; (16)
i.e. along the optimal trajectory, condition (7) holds and, in the
optimal solution, there can be no stockpiling of imported natural
resource. If ® > ± it would be possible to buy the natural resource
on the world market and keep it until its discounted value increased
to in¯nity.
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From (16), it follows that the sign of E, i.e. whether the country
is an exporter or importer of a natural resource, depends on the
dynamics of the ratio p=©0(S). Without technical progress, under
increasing resource price and, consequently, _R < 0, if
d
dt
µ
p
©0(S)
¶
> 0; (17)
the country will, regardless of its present status, eventually turn
into a resource exporter. Under an exponentially growing world
price of the resource, it can be shown that, if extraction costs rise
no faster than eS , then the country will be a resource exporter.
Next, it is assumed that extraction costs are a power function of
cumulative resource extraction:
©(S) = AS»: (18)
In that case, the analytical solution of the problem will be as follows:
A(S» ¡ S»0) =
± ¡ ®
±
(p ¡ p0); (19)
E =
®(± ¡ ®)
±
p
A»S»¡1
¡ R: (20)
If the production function is of a Cobb-Douglas type
F (R; t) = BeºtR°; ° < 1; (21)
then for a resource-rich country eventually to become a resource
importer, the rate of technical progress should be high enough such
as to satisfy the following condition:
º > ®
µ
1 +
1 ¡ °
»
¶
: (22)
Thus, the more accessible are the reserves of the natural resource,
the higher should be the rate of technical progress for the country
to turn into a resource importer.
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An important e®ect of natural resource depletion is the formation
of the so-called \exhaustion" rent, accruing to the resource owners.
From (3), it follows that the \exhaustion" rent ½ = p ¡ cR will be
½ =
®
±
p: (23)
It should be noted that, in an open economy, exhaustion rent, unlike
the case of a closed economy (Eismont, 1996), does not depend on
the parameters of the extraction cost function.
2.2 RESOURCE - EXPORTING ECONOMY UNDER
STOCHASTIC WORLD RESOURCE PRICE
For an open resource-rich economy, the behaviour of world resource
prices is of crucial importance. In general, world commodity prices
behave erratically, thus the assumption of an exponential growth
in the world price of natural resources is quite a strong one. Next,
the e®ects of the uncertainty of world natural resource prices are
analysed. The ¯rst problem that has to be solved is how to model
the behaviour of world natural resource prices. Though there is
no de¯nite empirical support for it in the very long run, usually,
resource prices are assumed to follow geometric Brownian motion
(Dixit and Pindyck, 1994; Pindyck, 1981). The di®erence between
Pindyck and ourselves is that his analysis was con¯ned to the be-
haviour of competitive owners, without taking into account the pro-
duction process or possibilities of the exports of resources. In what
follows, these e®ects (production that uses natural resources and
export possibilities) have been taken into account.
The problem is formulated as follows:
E0
Z 1
0
Y e¡±tdt ! max
R;E
; (24)
Y = F (R; t) ¡ ©(S;R + E) + p(t)E; (25)
_S = R + E; (26)
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R ¸ 0; (27)
R + E ¸ 0; (28)
dp = ®pdt + ¾p dz; (29)
where E0 is expectation based on information at time 0 and dz is
the increment of a Wiener process.
We look for an interior solution to the optimisation problem (24)-
(29). We de¯ne the optimal value function
J = J(R; p; t) = max
R;E
Et
Z 1
t
¦(¿) d¿: (30)
The Bellman equation is
0 = max
R;E
½
¦(t) + Jt + (R + E)JS + ®pJp +
1
2
Jpp¾2p2
¾
: (31)
Maximising with respect to R and E gives
@¦
@R
= ¡JS ; @¦
@E
= ¡JS ; (32)
from where it follows
@¦
@R
=
@¦
@E
; (33)
and, correspondingly,
FR = p: (34)
Di®erentiating equation (31) with respect to S and using Ito's
Lemma yields
@¦
@S
+
1
dt
Etd(JS) = 0: (35)
From (32) and (35), it follows that
@¦
@S
=
1
dt
Etd
µ
@¦
@R
¶
: (36)
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The goal of the analysis is to obtain an equation describing the ex-
pected dynamics of domestic resource consumption and its exports.
Substituting
@¦
@R
= (FR ¡ ©(S))e¡±t (37)
into equation (36) yields
¡©(S)(R + E) = ¡±(FR ¡ ©) + 1
dt
Et(dFR) ¡ 1
dt
Et(d©); (38)
from which it follows that
1
dt
Et(dFR) = ±(FR ¡ ©): (39)
It is easily seen that (39) is, actually, Hotelling rule. Using Ito`s
Lemma, stochastic di®erential dFR can be presented as follows:
dFR = FRRdR + FRtdt +
1
2
FRRR(dR)
2 + o(dt): (40)
Along the optimal trajectory R = R¤(S; p), so that
Et(dR)
2 = ¾2p2R2pdt + o(dt); (41)
where R2p is the unknown response of optimal resource consumption
to a change in price. Next, from (34), (39), (40) and (41), using
the expression for expected price dynamics Etdp = ®pdt; the
following equation describing the expected dynamics of domestic
resource consumption can be obtained:
1
dt
Et dR =
1
FRR
·
®p ¡ FRt ¡ 1
2
FRRR¾
2p2R2p
¸
; (42)
which does not depend on extraction cost function ©(S;R + E):
Note that, in the deterministic case, the corresponding equation is
as follows:
1
dt
dR =
1
FRR
[®FR ¡ FRt]: (43)
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For a typical neo-classical production function FRR < 0 and FRRR >
0. Thus, from (42), it follows that, under rates of technical progress
that are not too high, uncertainty in world resource prices leads to
lower rates of domestic resource consumption than under determin-
istic prices. In other words, the stochastic character of world prices
results in decreasing current domestic resource consumption and
increasing future consumption.
In case when the rate of technical progress is high, relative to growth
rate of resource price, so that domestic resource consumption in-
creases, uncertainty leads to still higher rates of domestic resource
consumption. In other words, stochastic character of world resource
prices results in decreasing current domestic resource consumption
and increasing its future consumption if time derivative of domestic
resource consumption is negative. Reverse e®ect takes place if time
derivative of domestic resource consumption is positive.
Since expected dynamics of domestic resource consumption, in case
of uncertainty, does not depend on resource exports and extraction
cost function, the expected dynamics of resource exports may be
obtained from the solution of the following problem:
max
E
E0
Z 1
0
[pE ¡ ©(S; R + E)]e¡±tdt; (44)
_S = R + E; (45)
dp = ®pdt + ¾p dz; (46)
which is, practically, identical to that solved in Pindyck, 1981. Its
solution is as follows:
1
dt
EtdE = ¡ 1
©EE
·
(±¡®)p¡±©E+©ES(E+R)+©S+1
2
¾2p2E2p©EEE
¸
(47)
Thus if natural resource exports decreases, price uncertainty causes
it to decrese more (less) rapidly so that current resource exports
gets higher (lower) if marginal resource extraction cost is concave
(convex) function of R + E.
It should be noted that uncertainty of world resource price in°u-
ences domestic consumption and exports in a di®erent manner.
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2.3 CONSTRAINTS ON NATURAL RESOURCE
EXPORTS
Up to now, only constraints on imports of natural resources have
been introduced. However, constraints on resource exports may be
more important (as, for example, is presently the case in Russia
with oil and natural gas). It should be noted that existing papers
on the subject neglect this type of constraint.
From (20), it follows that, without export constraints, E is a mono-
tonously increasing function of time. Then, it can be shown that,
in the case of constraints on exports (E · E¤), if in the optimal
solution at time t¤ exports reach the maximum level E¤, then for
t > t¤ Eopt = E¤. Therefore, the optimal trajectory of exports
will be ABC, presented in Figure 2. To prove it, let us assume
that the optimal trajectory is ABDF. Next, consider trajectory HK,
being the part of the optimal one. According to the principle of
optimality, HK is a solution of the corresponding unconstrained
optimisation problem. However, in this case the optimal control
variable is not a monotonously increasing function of time, which
contradicts the initial assertion that _E > 0.
If there are constraints on the export capacities of natural resources
(E < E¤), and
0 < E¤ <
®(± ¡ ®)
±
p
A©0(S)
¡ R (48)
then, under a Cobb-Douglas production function (with zero rate of
technical progress), the optimal trajectory is de¯ned by the follow-
ing system:
_R = ¡ ±
1 ¡ °R +
±©(S)
B°(1 ¡ °)R
2¡°; (49)
_S = R + E¤: (50)
The phase diagram, corresponding to the system (49) and (50), is
presented in Figure 3. Trajectories along which domestic natural
resource consumption is, eventually, increasing are not feasible since
14
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they do not comply with the transversality conditions. It can be
shown that there exists an integral curve AB which separates trajec-
tories leading, eventually, to increased domestic consumption, from
those along which _R < 0. This separating trajectory is an optimal
one since, among all the feasible trajectories, AB has the highest
resource consumption under the same S (while exports equals E¤).
It should be stressed that the optimal trajectory exists not for all
functions ©(S). If, for example, ©(S) = eS then, along any tra-
jectory, domestic consumption, eventually, increases, which violates
transversality conditions. There exists, however, a class of functions
©(S) for which the optimal trajectory exists and, moreover, its ana-
lytical expression can be established. These are the power functions
©(S) = Sk, where k are integers. If, for example, ©(S) = S2, the
solution is as follows:
R =
Ã
1
°B
Ã
S2 +
2E¤
±
S +
2E¤2
±2
!!¡ 1
1¡°
: (51)
The solution of the system (49) and (50) in the general case ©(S) =
Sk is as follows:
R =
µ
1
°B
µ
Sk+
kE¤
±
Sk¡1+
k2E¤2
±2
Sk¡2+ : : :+
k!E¤k
±k
Sk¡1
¶¶¡ 1
1¡°
:
(52)
In case constraints on resource exports are binding, the inequality
¡©(S) + p + ¸ > 0: (53)
holds. Then, using (10), we get
FR = ©(S) ¡ ¸ < p; (54)
which means that the domestic resource price is lower than the
world resource price (as is now observed, for example, in Russia's
oil market).
At present in Russia, constraints on energy exports are binding.
The problem worth analysing is under what conditions relaxing
15
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export constraints, i.e. the construction of new pipelines and sea
port oil terminals, is pro¯table. In formal terms, the marginal ben-
e¯ts of increasing export capacities are de¯ned as follows:
MB = ¡ @J
@E¤
; (55)
where J is the functional (4). Next a Lagrangian is introduced
L = H + µ(E¤ ¡ E): (56)
Then it can be shown that
@J
@E¤
=
Z 1
0
µ dt: (57)
Under conditions of optimality,
@L
@E
= p ¡ © + ¸ = 0; (58)
which, using (10), yields
µ = p ¡ FR; (59)
where µ is de¯ned in current value terms. Finally, in constant value
terms, the marginal bene¯ts from increasing export capacities will
be
MB =
Z 1
0
(p ¡ FR)e¡±t dt: (60)
At present in Russia, there is wide discussion on the necessity of
constructing new capacities for exports of energy resources. To
help solve this problem, (60) can be used as a back-of-the-envelope
estimate of the marginal bene¯ts of increasing the capacities of oil
and natural gas exports. If we assume that the domestic price
of a natural resource corresponds to an optimal trajectory then, to
estimate the marginal bene¯ts, we need only the world and domestic
prices, without the speci¯cation of a production function. In 1996,
in Russia, the di®erence between the world and the domestic price
of oil was about $50 per ton. Then, assuming the discount rate is
5%, the marginal bene¯ts of increasing oil export capacities would
be more than $100 per ton of oil per year.
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2.4 RESOURCE - EXPORTING COUNTRY WITH
FOREIGN ASSETS
Next, we consider a case where part of total income can be invested
abroad. Foreign investments Kf yield income at a foreign interest
rate r, assumed to be given exogenously. The problem is one of
maximising discounted cumulative utility, which is a function of
consumption c
max
R;E
Z 1
0
u(c)e¡±tdt; (61)
_Kf = F (R; t) ¡ ©(S)(R + E) + rKf + pE ¡ c; (62)
_S = R + E; (63)
Kf (0) = Kf0 ; Kf (1) = 0;
R ¸ 0; (64)
R + E ¸ 0; (65)
u0 > 0; u00 < 0: (66)
There are no constraints on foreign assets and capital °ows, so
negative values of Kf correspond to net borrowing abroad.
The current value Hamiltonian will be
H = u(c)+¸[F (R; t)¡©(S)(R+E)+rKf+pE¡c]+¹(R+E) (67)
First-order conditions for the interior solution are as follows:
_¸ = ±¸ ¡ r¸; (68)
_¹ = ±¹ + ¸©(S)(R + E); (69)
u0 = ¸; (70)
¸FR ¡ ¸©(S) + ¹ = 0; (71)
¸(p ¡ ©(S)) + ¹ = 0: (72)
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From (71) and (72), it follows that the domestic price equals the
world price
FR = p: (73)
Di®erentiating (70) and substituting into (68) yields
´
_c
c
= r ¡ ±; (74)
where ´ = ¡u00(c)cu0(c) . Equation (74) is the standard condition for
inter-temporal consumption e±ciency. It should be noted that r >
±.
Di®erentiating (72), substituting into (69) and using (68), we obtain
_p = r[p ¡ ©(S)]; (75)
which, under an exponentially-growing resource price, yields
©(S) =
r ¡ ®
r
p: (76)
It should be noted that the foreign interest rate should be greater
than the rate of growth of the resource price since, otherwise, there
are possibilities for arbitrage (borrowing at r and buying resource).
It can be easily seen that the possibility of foreign investment leads
to a solution of the problem similar to that without foreign invest-
ment, the only di®erence being that, instead of the rate of time
preference, the foreign interest rate should be used. Thus, the ex-
haustion rent will be
½ =
®
r
p: (77)
Since r > ±, the liberalisation of capital °ows leads to decreasing
exhaustion rents and thus to lower pro¯ts of the natural resource
sectors of the economy.
When resource export constraints are binding, again all the results
of the previous section hold, with the foreign interest rate playing
the role of a discount rate.
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3 MULTI-SECTOR ECONOMY
3.1 THREE - SECTOR MODEL WITH
ENDOGENOUS TECHNICAL PROGRESS
The one-sector model which has been analysed so far may be con-
sidered as being too aggregate for the problem under consideration,
since one of the main e®ects of the \Dutch Disease" is the sectoral
redistribution of the economy.
The aim of this section is to analyse long-term consequences of
the "Dutch Disease" within three-sector model. In the above cited
paper by Sachs and Warner (1995), devoted to the same problem,
two-period, two-sector model has been used. The natural resource
sector is viewed only as a supplier of a constant °ow of revenues and
uses neither labour nor capital. Thus their model captures only the
e®ect of the labour °ow from manufacturing to services, ignoring
the e®ect of capital °ows from the manufacturing to the resource
sector. Besides, a two-period model does not allow for the analysis
of the long-term trajectories of economic growth.
In what follows, we present a model which takes into account the
development of three sectors: resources, manufacturing, and ser-
vices. To make the analysis analytically tractable, while retaining
the most important aspects of the problem, we assume that the re-
source sector does not use labour. The non-traded goods sector uses
sector-speci¯c capital which is assumed to be constant. All natural
resources are exported in exchange for manufactured goods. Be-
sides, it is assumed that there is no depletion of natural resources.
The key assumption is that knowledge is being accumulated only in
the manufacturing sector as a by-product of the labour and capital
used in that sector. This is in line with Mulligan and Sala-i-Martin
(1993), which generalises the idea of Uzawa-Lucas (Lucas, 1988),
where only labour contributes to the accumulation of knowledge.
The price of the traded good is used as a numeraire. Resource price
pE is given exogenously by the world market. Total labour supply
is ¯xed. Labour is perfectly mobile between manufacturing and
19
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services sectors. Capital is assumed to be perfectly mobile between
the resource and manufacturing sectors of the economy.
The production functions for the resource sector, manufacturing
and services, are FE(KE), FM(KM ;HLM), FS(HLS) respectively,
where KE is the capital used in the resource sector; KM the capital
used in manufacturing; LM and LS the labour employed in manu-
facturing and services, respectively; and H is human capital. The
following notations are used: w for the wage; pS is the price of
services; IM and IE , respectively, are investments in the manufac-
turing and resource sectors; r is the interest rate, ± the discount
rate, and U the consumer utility function.
A representative agent in the manufacturing sector solves the prob-
lem
max
IM ;LM
Z 1
0
(FM ¡ wLM ¡ IM)e¡rtdt; (78)
s:t: _KM = IM ; (79)
which yields as FOC`s
@FM
@KM
= r; (80)
@FM
@LM
= w: (81)
A representative agent in the resource sector solves the problem
max
IE
Z 1
0
(pEFE ¡ IE)e¡rtdt; (82)
_KE = IE ; (83)
which yields
pE
@FE
@KE
= r: (84)
Similarly, for the services sector, the solution of
max
LS
Z 1
0
(psFs ¡ wLs)e¡rtdt; (85)
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leads to
ps
@Fs
@Ls
= w: (86)
Labour in the traded and non-traded goods sectors is subject to the
constraint
LM + LS = L; (87)
where L is the total labour supply.
The manufacturing sector produces consumption as well as invest-
ment goods. Natural resources can be sold on the world market,
in exchange for manufactured goods. Foreign trade is assumed to
be balanced. Then, consumption of manufactured goods will be as
follows:
M = FM + pEFE ¡ IM ¡ IE: (88)
In addition, the following transversality conditions must be met:
lim
t!1¸KM = 0; (89)
lim
t!1¹KE = 0; (90)
where ¸ and ¹ are co-state variables corresponding to the con-
straints (79) and (80).
Households solve the problem
max
M;S
Z 1
0
U(M; S)e¡±tdt; (91)
under the budget constraint
M + pSS = FM + pSFS + pEFE ¡ IE ¡ IM : (92)
In the case of a Cobb-Douglas utility function
U = MaSb; (93)
the solution of a maximisation problem for households yields
apSS = bM: (94)
21
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Services are used only for domestic consumption
S = Fs: (95)
Human capital H is being accumulated only in the manufacturing
sector, according to the following equation:
_H = AHK
®H
H (HLM)
1¡®H : (96)
This assumption is supported by empirical data that the rates of
technical progress in manufacturing sector are signi¯cantly higher
than in other sectors (e.g. Echevarria, 1997). The case when ®H =
0 reduces (96) to the Lucas model of human capital accumulation.
From (96), it follows that human capital accumulation is de¯ned
only by domestic factors. It might be argued that, in transition
economies, imports of western technologies should be considered as
they add to the accumulation of human capital. However, imports
of these technologies in Russia is relatively limited as compared to,
for example, Central European countries. Technological imports
could, nevertheless, be captured by the corresponding increase in
AH .
Next, we assume that all production functions are Cobb-Douglas
FM = AMK
®M
M (HLM)
1¡®M ; (97)
FS = AS(HLS)
¯S ; (98)
FE = AEK
®E
E : (99)
Then the problem can be reduced to solving the following system
of di®erential equations, relative to physical and human capitals:
_KM = a1KM ¡ a2H + de
¼
1¡®E t; (100)
_H = b1KM ; (101)
where ¼ is the growth rate of the world natural resource price, and
a1 =
r
®M
+
a
b
¢ r ¢ 1 ¡ ®M
¯S
¢ ®
®M
1¡®M
M ; (102)
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a2 =
a
b
1 ¡ ®M
¯S
µ
®M
r
¶ ®M
1¡®M
A
1
1¡®M
M ¢ L; (103)
b1 = AH
µ
r
®MAM
¶ 1¡a
1¡®M
; (104)
d =
µ
®EAE
r
¶ 1
1¡®E
µ
r ¡ ¼
1 ¡ ®E
¶
p
1
1¡®E
E : (105)
The solution of the system (100) and (101) is as follows:
KM = C1e
´1t + C2e
´2t + C3e
¼
1¡®E t; (106)
H = D1e
´1t + D2e
´2t + D3e
¼
1¡®E t; (107)
where
´1;2 =
a1
2
§
s
a21
4
¡ a2b1; (108)
C3 =
d
¼
1¡®E +
1¡®E
¼ a2b1 ¡ a1
; (109)
D3 =
b1d
( ¼1¡®E )
2 + a2b1 ¡ ¼1¡®E a1
: (110)
Since the long-term growth rate of the economy should be positively
correlated with the rate of human capital accumulation (i.e. with
b1), and taking into account the transversality condition (89), it
should be concluded that C1 = D1 = 0: Then (106) and (107)
reduce to
KM =
[H(0) ¡ D3]´2
b1
e´2t +
¼D3
1 ¡ ®E e
¼
1¡®E t; (111)
H = [H(0) ¡ D3]e´2t + D3e
¼
1¡®E t: (112)
It can be easily seen that the solution (111) and (112) does not
depend on the initial value of capital in the manufacturing sector
KM(0): This is due to the absence of any constraints on investment,
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so that the capital, at t = 0; adjusts instantaneously to its optimal
value.
For the transversality condition (89) to hold, one of the following
two inequalities (or both) should hold
a
b¯s
<
2®M ¡ 1
1 ¡ ®M ®
¡ 1
1¡®M
M ; (113)
a
b¯s
>
·
a2b1®M
(1 ¡ ®M)r2 ¡ 1
¸
®
¡ 1
1¡®M
M : (114)
Transversality condition (90) is met under the condition
r >
¼
1 ¡ ®E : (115)
Next, the consequences of a sharp rise in the world resource price
for the economy of a resource-exporting country are analysed. Let
the world resource price at t = 0 experience a one-o® jump from pE0
to pE1(pE1 > pE0): This jump in the world resource price leads to
the following changes of capital in the manufacturing and resource
sectors:
¢KM = ¡ ´2r
a2b1
µ
®EAE
r
¶ 1
1¡®E
Ã
p
1
1¡®E
E1 ¡ p
1
1¡®E
E0
!
; (116)
¢KE =
µ
®EAE
r
¶ 1
1¡®E
Ã
p
1
1¡®E
E1 ¡ p
1
1¡®E
E0
!
: (117)
Summing up the corresponding changes in exports revenues and
outputs of manufactured goods and services, we get a change in
GDP, resulting from the rise in the resource price
¢Y =
·
1
®E
¡ (1 ¡ 1 ¡ ®M
¯S
)
´2r
®Ma2b1
¸
r£
£
µ
®EAE
r
¶ 1
1¡®E
Ã
p
1
1¡®E
E1 ¡ p
1
1¡®E
E0
!
: (118)
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It can be seen that, with reasonable parameter values, ¢Y > 0:
However, under certain, less realistic conditions, (high values of ®M
and ®E), the natural resource price rise may result in decreasing
GDP.
The qualitative behaviour of the dynamics of GDP, following the
upwards jump in the world resource price, is presented in Figure 4.
Thus, for a certain period after the resource price jump, GDP is
higher than in the case of no price jumps, although in the long-term
perspective the rising world resource price leads to lower rates of
economic growth.
3.2 TWO - SECTOR MODEL WITH RESOURCE
DEPLETION AND ITS DOMESTIC
CONSUMPTION
In the previous section, depletion of natural resources was not taken
into account. In Russia, e®ects of depletion signi¯cantly in°uence
resource extraction costs. In what follows, natural resource deple-
tion is analysed within two-sector model comprising resource sector
and the rest of economy. The natural resource sector employs no
labour and uses only capital as a production factor. The output
of the resource sector is used both as an input by the rest of the
economy sector and for exports. The production function of the
resource sector is as follows:
FE(KE ;Q);
@FE
@Q
< 0; (119)
where Q is the cumulative extraction of the natural resource, which
is subject to a material balance equation
_Q = R + E; (120)
where R is the domestic consumption of the natural resource and
E its export.
Economic growth in the model is assumed to be caused by labour-
augmenting technical progress, as well as by increasing demand for
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the resource from the outside world. Technical progress is stimu-
lated by the stock of knowledge which, in its turn, is generated by
employment in the rest of the economy sector. There is thus no
technical progress in the resource sector, which is in line with the
Uzawa-Lucas approach ( Lucas, 1988).
The rest of the economy sector is characterised by gross output
FM(KM ; A(t)L;R); (121)
where KM is capital, L labour, and R the consumption of the nat-
ural resource.
A decentralised competitive economy is considered.
A representative ¯rm in the rest of the economy sector solves the
following maximisation problem:
max
IM ;R
Z 1
0
(FM ¡ pR ¡ pLL ¡ IM)e¡rtdt; (122)
_KM = IM ; (123)
where IM is investment, pL wages (relative to the output price of
the rest of the economy sector), r the interest rate and p the price
of the natural resource (relative to the output price of the rest of
the economy sector).
The ¯rst-order conditions for problem (122)-(123), under the as-
sumption that there are no constraints on investment, yield
@FM
@KM
= r; (124)
@FM
@R
= p: (125)
A representative ¯rm in the resource sector solves the following
maximisation problem:
max
IE
Z 1
0
(pFE ¡ IE)e¡rtdt; (126)
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_KE = IE ; (127)
_Q = FE : (128)
The ¯rst-order conditions for the problem (126)-(128) yield
(pe¡rt + ¹)
@FE
@KE
= e¡rt; (129)
_¹ = ¡(pe¡rt + ¹)@FE
@Q
; (130)
where ¹ is a co-state variable, corresponding to a constraint (128).
Exports of the natural resource are assumed to equal the demand
for the resource from the outside world, which is a function of world
GDP Yw and the price of the resource
E = E(Yw; p): (131)
Equilibrium in the resource market yields
FE = R + E: (132)
Thus, we have a system of equations (124), (125), (128)-(130), (132)
for six unknown variables KM , KE , R, Q, p, and ¹.
Depletion of natural resources is a long-term phenomenon, so an
equilibrium growth solution must be sought. To ensure the exis-
tence of an equilibrium growth solution, the following speci¯cation
of production functions and foreign demand for natural resources
has been adopted:
FM = AMe
º¯tK®ML
¯R° ; (133)
FE = AEKE
µ
Q0
Q
¶»
: (134)
Assuming the growth rate of the world GDP equals Â and the in-
come and price elasticities of demand for a resource are, correspond-
ingly, k and ³, we have
E = Be·tp¡³ ; (135)
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where · = Âk.
It can be shown that there can be two di®erent regimes of equilib-
rium growth. The ¯rst of these regimes corresponds to the relative
de-industrialisation of the economy, i.e. when the natural resource
sector grows faster than the rest of the economy sector. The sec-
ond regime corresponds to a balanced equilibrium growth in both
sectors, with domestic consumption of the natural resource grow-
ing faster than its export. Which of these two regimes is realised
depends on the rate of technical progress in the rest of the economy
sector. If
º < º¤ =
·»
1 + »³
·
1 +
µ
1 +
°
¯
¶
»
¸
; (136)
then the economy faces relative de-industrialisation, i.e. high values
for ° and low values for ¯ (which is, actually, the case for Russia)
contribute to the threat of de-industrialisation.
If
º > º¤; (137)
then the economy will converge to a balanced equilibrium growth.
For the case when º > º¤ we have the following system of equations
for the growth rates gn =
_n
n :
(1 ¡ ®)gKM ¡ °gR = º¯; (138)
gKM ¡ »gQ ¡ gR = 0; (139)
gE=³ + »gQ = ·=³; (140)
gKM ¡ gR + gE=³ = ·=³; (141)
gKE ¡ (1 + »)gQ = 0: (142)
The solution to this system of equations is as follows:
gKE = gKM =
(1 + »)º¯
(1 ¡ ®)(1 + ») ¡ ° ; (143)
gR = gQ =
º¯
(1 ¡ ®)(1 + ») ¡ ° ; (144)
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gE = · ¡ »³º¯
(1 ¡ ®)(1 + ») ¡ ° : (145)
If º < º¤ the system of equations for the growth rates will be
(1 ¡ ®)gKM ¡ °gR = º¯; (146)
gKE ¡ »gQ ¡ gE = 0; (147)
gE=³ + »gQ = ·=³; (148)
gKM ¡ gR + gE=³ = ·=³; (149)
gKE ¡ (1 + »)gQ = 0: (150)
The solution of this system yields
gKM =
1
1 ¡ ® ¡ °
µ
º¯ ¡ °»³·
1 + »³
¶
; (151)
gKE =
(1 + »)³·
1 + »³
; (152)
gE = gQ =
»·
1 + »³
; (153)
gR =
1
1 ¡ ® ¡ °
·
º¯ ¡ (1 ¡ ®)»³·
1 + »³
¸
: (154)
It can be easily seen that, under the condition º < º¤, capital in the
resource sector grows faster than capital in the rest of the economy
sector, i.e. there is relative de-industrialisation of the economy.
From (129)-(130), the following system of equations can be ob-
tained:
_p = rp ¡ r
2Q»
AE
; (155)
_Q = °AM
µ
®AM
r
¶ ®
1¡®¡°
e
º¯
1¡®¡° tp¡
1¡®
1¡®¡° + Be·tp¡³ : (156)
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If º < º¤ then, after introducing new variables
x =
Q»
AEp
; (157)
y =
Be·t
Qp³
; (158)
(155)-(156) reduces to the following system of equations:
_x
x
= r2x + »y ¡ r; (159)
_y
y
= ³r2x ¡ y + · ¡ ³r: (160)
For the steady state of the system (159)-(160) to exist, the following
inequality should hold:
r >
·³
1 + »³
: (161)
The steady state values will be
x¤ =
r ¡ »(· ¡ ³r)
r2(1 + »³)
; y¤ =
·
1 + »³
: (162)
The steady state is of a saddle type.
The steady state growth rate of a resource price isµ
_p
p
¶
¤
=
·»
1 + »³
: (163)
which increases with increasing ».
Scarcity rent, which equals the shadow price of a resource, as a
share of a resource price, isµ
½
p
¶
¤
=
·»
r(1 + »³)
: (164)
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The assumption that each sector is behaving optimally may not
be true in transition economies, due to the poor information that
economic agents have about investment possibilities outside their
own business. In that case, an alternative assumption is that all
pro¯ts are reinvested within the same sector (Gomulka and Lane,
1997). Then, the corresponding system of equations will be as
follows:
_KM = sM(FM ¡ pR); (165)
_KE = sEpFE; (166)
_Q = FE ; (167)
@FM
@R
= p; (168)
FE = R + E; (169)
where sM and sE are the investment shares in the manufacturing
and resource sectors. It can be easily seen that all the above results
concerning equilibrium growth hold for the system (165)-(169) as
well.
Next, using the above results, the dynamics of GDP, depending on
the share of the resource sector, are analysed. From the de¯nition
of GDP (in the prices of the rest of the economy sector), it follows
that
Y = FM + pEE: (170)
Then, the equilibrium growth rate of GDP will be
Z =
Ã
_Y
Y
!
¤
=
f + h ¢ "
1 + "
; (171)
where
f =
Ã
_FM
FM
!
¤
; (172)
h =
µ
_pE
pE
¶
¤
+
Ã
_E
E
!
¤
; (173)
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" =
µ
pEE
FM
¶
¤
: (174)
Index ¤ refers to the equilibrium values. It can be easily seen that
sgn
@Z
@"
= sgn(h ¡ f): (175)
Using the corresponding equilibrium values, obtained from the sys-
tem of equations (138)-(142), it can be found that h < f under the
condition
· < ·¤ =
(1 + ³»)¯º
(1 ¡ ®)(1 + ») ¡ ° : (176)
Let the rate of technical progress in the rest of the economy sector
be high enough so that condition (137) holds. Then, since » > 1,
condition (176) also holds. Thus, even if there is no threat of de-
industrialisation, the higher the share of a resource sector, the lower
are the growth rates of GDP.
4 CONCLUSIONS
In a small open economy, the natural resource exhaustion rent does
not depend on the extraction cost function, which makes this rent
much simpler to estimate.
If world natural resource prices are stochastic and follow a geometric
brownian process (similar to share prices on a stock exchange), then
a resource-exporting country should lower its current domestic re-
source consumption relative to the deterministic case, and increase
its future domestic consumption.
With foreign assets, the optimal policy of a resource-exporting
country is the same as in the case of no foreign assets, the only
di®erence being that, instead of the discount rate, the foreign in-
terest rate should be used.
A liberalisation of capital °ows leads to diminishing rents of re-
source owners in a resource-exporting country.
32
Conclusions
Expanding the export capacities of natural resources in Russia is
an economically e±cient investment.
A sharp increase in world resource prices, though increasing GDP
in a short-term perspective, will result in decreased long-term rates
of economic growth of a resource-exporting country. The higher the
share of a resource sector in the economy of a resource-exporting
country, the lower are its GDP growth rates.
Rising natural resource extraction costs add to the possibility of
the de-industrialisation of a resource-rich country.
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Figure 1 Dependence of average per capita GDP groth rate(% per
year, 1970-1989) on the share of natural resource exports in GDP
(Sachs and Warner, 1995)
Figure 2. Optimal trajectory of natural resource exports under
constraints on exports capacities
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Figure 3. Phase diagram of the system of equations (49), (50)
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Figure 4. Dynamics of GDP with (ABCE) and without (ABD) world
resource price jump
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